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Abstract 
Nickel-base alloys such as Inconel-100 (IN-100) are still the most preferred material for jet engine and gas turbine components. 
Machining induced surface integrity plays a vital role for component fatigue life and reliability. This study investigates the effects 
of machining conditions (tool geometry, coating, and cutting parameters) on the resultant residual stress, microhardness and grain 
size in machining IN-100. Experimental results for measured forces, residual stress, microhardness, and grain size have been 
presented. In addition, finite element modeling based investigations have been performed to predict not only residual stresses but 
also microstructure including dynamic recrystallization by implementing the Johnson-Mehl-Avrami-Kolmogorov model. Numerical 
modeling results were compared with experimental measurements in residual stresses, grain size and microhardness. The effects of 
cutting conditions on machining induced residual stress, microhardness, and average grain size have been reported. 
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1. Introduction  
Nickel-base alloys can considerably maintain their 
strength at high temperatures and long exposures; 
therefore they are preferred material for components in 
hot sections of the aircraft and gas turbine engines, 
nuclear reactors and rocket engines. Nickel-base alloys 
can be obtained through several different processing 
routes in the forms of wrought, forged, cast and in 
sintered i.e. powder metallurgy. Inconel 100 (IN-100) is 
a Ni-Co-Cr based super alloy which is used in the cast or 
powder metallurgy (PM) forms and powder processing 
provides structural uniformity, high strength, and 
toughness suitable for engine components operating at 
intermediate temperature regimes such as disks, spacers, 
and seals [1]. 
Machining of nickel-base alloys is deemed to be 
extremely difficult due to their superior yield strength, 
rapid work hardening behavior, high rigidity, low 
thermal conductivity, chemical affinity to tool material, 
and microstructure related hard carbide particles [2]. 
While excessive tool wear and part distortion issues 
remain to be solved machining induced surface integrity 
is also a challenge to be addressed in nickel-base alloy 
part and component manufacturing. Machining 
processes can significantly affect finished part surface 
integrity which can be classified as surface topography 
related (textures, waviness and surface roughness), 
property related (residual stresses and hardness), and 
metallurgical state (microstructure, phase 
transformation, grain size) characteristics. Extensive 
reviews of machining induced surface integrity have 
been provided in literature [3, 4]. 
1.1. Microstructure of Inconel 100 
IN-100 microstructure mainly consists of two phases; 
γ and γ'. A representative image of the IN-100 
microstructure is given in Fig. 1. The γ phase consists of 
large grains that form the matrix in the material whereas 
γ' is formed as a result of various processes [5-8]. Three 
types of γ' have been observed: primary γ', secondary γ', 
and tertiary γ'. Sizes and distributions of these γ' 
formations are set by process parameters, for instance, a 
very fine microstructure may be obtained by a subsolvus 
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heat treatment. Milligan et al. [5] states that by varying 
the cooling rate after the solutionizing step and the 
solution heat treatment temperature, it is possible to 
influence the γ grain sizes as well as γ' grain sizes and 
distributions. It is stated by Wusatowska-Sarnek et al. 
[6] that primary γ' is affected by the solution treatment 
temperature, secondary γ' is affected by the stabilization 
temperature and forms during cooling from the solution 
temperature and tertiary γ' is controlled by aging. 
Primary γ'-grains are large enough to be compared with 
the γ-matrix grains, and can be included in the grain size 
measurement of the matrix. Wusatowska-Sarnek et al. 
[7] reports the average IN-100 γ-matrix grain size as 
3.82 μm and Milligan et al. [5] reports it as 3.5 μm. 
Average diameters of secondary and tertiary γ'-grains are 
given as 120 nm and 8.5 nm respectively. Sizes and 
distributions of the γ' precipitates play an important role 
in mechanical properties of IN-100. It is further stated in 
[7] that a high strength material is obtained in the two 
phase field (γ + γ') by maintaining the temperature below 
the γ' solvus, 1460K. A subsolvus solution treatment at 
1416K is followed by a two-step aging sequence at 
1255K and 1005K to form the strengthening phases. 
Milligan et al. [5] investigates the PM IN-100 material 
with tensile tests at 260 and 650°C and states that 
secondary γ' size and volume fraction has a dominant 
effect on the strength of the material. It is further 
claimed that the presence of γ' is important, but its size is 
not. A decrease in strain hardening is observed with 
larger secondary γ' particles and with the presence of 
primary γ' particles. 
 
Fig. 1. Typical microstructure of IN-100 alloy [8]. 
Table 1. Typical grain size of IN-100 nickel-base alloy [5] 
Phase Grain size [Pm] Volume Fraction  
γ grains 4.2 balance 
Primary γ’ grains 1.28 0.25 
Secondary γ’ grains 0.109 0.32 
Tertiary γ’ grains 0.021 0.024 
1.2. Machining Induced Microstructure 
During the machining process, the microstructure is 
altered due to large plastic deformations and 
temperatures. The machining effects will be investigated 
through microhardness and grain size measurements. 
2. Machining experiments 
In order to investigate the effects on machining on 
IN-100, a set of experiments have been conducted. 
Effects of different machining and tool parameters on 
the microstructure of Inconel IN-100 are investigated 
using a cylindrical workpiece (see Fig. 2) where ap is the 
depth of cut, Fc, Ff, and Fp are the cutting, feed, and 
thrust forces, and rβ is the cutting edge radius of the tool. 
IN-100 alloy disks used in the experiments are 
manufactured via powder metallurgy route with a 
chemical composition of 18.3% Co, 12.3% Cr, 4.9% Al, 
4.3% Ti, 3.3% Mo, 0.7% V, 0.1% Fe, 0.06% C, 0.02% 
B, 0.02% Zr and Ni balance.  After face turning, 
approximately 3-5 mm thick disks from the machined 
section were cut off at least 5 mm away from the surface 
of the disk and the new surface was cleaned with very 
gentle machining. A constant depth of cut (ap=1 mm), 
two cutting speed levels (vc=12 and 24 m/min) and a 
constant feed (f=0.05 mm) were used under dry cutting 
conditions. In these experiments, uncoated cutting 
inserts made of tungsten carbide in cobalt binder 
(WC/Co) with up-sharp (edge radius of rβ=5±0.5μm as 
measured) and edge prepared with abrasive brushing for 
rβ=25±1.0Pm μm (WC25) and rβ=10±0.7μm (WC10), 
and TiAlN coated inserts (rβ=10±0.7μm as measured) 
have been used. Cutting forces have been measured and 
the results are given in Fig. 3 together with uncertainties. 
There is no replication for the experiments, and the 
uncertainties for cutting, feed and thrust forces are 
between 5%-10%, 5%-17% and 9%-39%, respectively. 
 
 
Fig. 2. Experimental configuration used in face turning. 
 
Fig. 3.  Forces measured in face turning of IN-100. 
2.1. Residual stress measurements 
Residual stresses on IN-100 disks were measured 
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using X-ray diffraction technique on Proto iXRD unit 
Mn-Cu-Kα radiation (O=2.1 Aq) at 17kV, 4mA to 
acquire {311} diffraction peaks or lines at 2T angles of 
about 155q using a spot size of 1 x 2 mm beam. 
Similarly, residual stresses and depth profiles were 
measured by removing successive layers of material to a 
depth in excess of 100 μm by electropolishing. In-plane 
surface stress measurements were performed at selective 
positions from inner and outer radial positions along the 
tracks on the disks that were machined with face turning. 
Residual stresses on two orthogonal directions 
(circumferential & radial) were measured. Experimental 
results are represented in Table 2 where peak tensile and 
circumferential residual stresses (PTS and PCS) as well 
as the standard deviation of the measurements are given.  
Table 2. Residual stress measurement results for IN-100. 
   Circumferential Radial Combination 
vc rβ F PTS PCS PTS PCS PTS PCS σstd 
[m/min] [μm] [N] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] 
12 5 634 868 -264 654 -327 768 -297 52 
12 10 610 975 -296 495 -208 773 -256 66 
12 25 643 1038 -242 643 -307 863 -276 70 
12 C10 617 377 -26 -81 -138 273 -99 56 
24 5 700 467 -445 78 -485 335 -465 36 
24 10 630 682 -598 217 -490 506 -547 50 
24 25 559 830 -372 499 -597 685 -497 54 
24 C10 572 800 -39 292 -157 602 -114 43 
2.2. Microhardness measurements 
In order to quantify the effects of different cutting 
conditions and tools on the microstructure, hardness 
measurements were taken on the machined tracks of the 
disks. Using a Rockwell-type tester, measurements were 
taken on IN-100 disk samples and then converted to 
Vickers Hardness (HV). The varying machining 
condition (vc only) and tool parameters (rβ and coating) 
along with the hardness measurements taken on IN-100 
nickel-base alloy disk tracks are summarized in Table 3. 
The effects of tool edge radius on hardness indicate that 
largest edge radius tool generated higher mean surface 
hardness. However, a clear distinction cannot be made 
due to the relatively close measurement uncertainties. 
Table 3. Hardness measurement results for IN-100 nickel-base alloy. 
Tool type rβ 
[μm] 
vc 
[m/min] 
 Mean 
HV 
 SD 
HV 
WC/Co 5 12 380.53 5.75 
24 381.30 22.33 
10 12 386.39 7.07 
24 375.77 13.26 
25 12 389.57 6.02 
24 394.49 5.83 
WC/Co 
(TiAlN) 
10 12 382.73 9.18 
24 382.51 6.55 
3. Finite Element Simulations 
Finite element method based 3-D face turning 
simulations have been conducted for selected 
experimental conditions using DEFORM-3D machining 
software similar to the previous studies [9-11]. In the 3-
D FE simulations, curved workpiece geometry was 
modeled as viscoplastic and represented with high 
number of elements. A higher mesh density was used in 
a 1 mm-long section behind the chip to better resolve the 
temperature and strain fields that are necessary for the 
microstructure calculations on the machined surface as 
shown in Fig. 4. The friction between the tool and the 
workpiece was described with a hybrid model including 
shear friction and Coulomb friction along the rake and 
flank faces of the tool. A shear friction factor of m=0.9-
0.95 was used in all simulations. A very high heat 
transfer coefficient between tool and workpiece was 
used to allow temperature field to reach its steady-state 
in a short period of time. Some key simulation 
parameters are listed in Table 4. All 3-D FE simulations 
were run until a fully grown chip formation is obtained a 
fixed cutting length at respective cutting speeds. It is 
assumed that the machining process has reached to its 
steady-state conditions in terms of generating acceptable 
fields of strain, strain-rate and temperature. Simulation 
results were extracted from DEFORM-3D, and 
processed in MATLAB over a selected volume 
(extending up to 1 mm behind the chip in the machined 
zone) for each simulation using normalized element 
volumes as weights to accurately represent the given 
volume. 
 
Fig. 4. Representative 3D mesh for the workpiece. 
Table 4. Simulation parameters. 
Length [mm] No. of elements Friction coef. 
Workpiece Cutting Tool Work Rake Flank 
3.5 2.6 120,000 100,000 0.6-0.8 WC/Co 
0.6 TiAlN 
3.1. Modified material constitutive model 
In 3-D FE simulations, a material constitutive model 
with modification to the Johnson-Cook (JC) material 
model to represent temperature-dependent flow 
softening behavior of high temperature titanium and 
nickel alloys has been used. The modified material 
model is given with Eq. (1) where flow stress (σ) of the 
material is being represented in terms of strain (ε), strain 
rate ( ɂሶ ), and temperature (T) and where ɂሶ଴  is the 
reference strain rate, T0 is the ambient temperature, and 
Tm is the melting temperature of the material. This 
model includes the JC material model parameters (A, B, 
C, n, m) and modification parameters (a, b, d, r, s) that 
are used to describe temperature-dependent flow 
softening. These model parameters have been 
determined for IN-100 nickel-base alloy by using 
experimental and simulated forces in 3-D FE simulations 
in an earlier study by Ulutan & Özel [10] and are given 
Machined  
Surface 
Fully grown 
chip 
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in Table 5. In order to fully utilize temperature-
dependent modified material constitutive model in 3-D 
FE simulations, temperature-dependent physical, 
mechanical, and thermal properties of nickel-base alloy 
IN-00 along with tool material and coating have been 
used, as given in Table 6. 
ߪ ൌ ൤ܣ ൅ ܤߝ௡ ൬ ͳ݁ݔ݌ሺߝ௔ሻ൰൨ ൤ͳ ൅ ܥ݈݊
ߝሶ
ߝ଴ሶ ൨ 
ቂͳ െ ቀ ்ି ೝ்
೘்ି ೝ்ቁ
௠ቃ ቂܦ ൅ ሺͳ െ ܦሻ ቂ ቀ ଵሺఌା௣ሻೝቁቃ
௦ቃ (1) 
where ܦ ൌ ͳ െ ቀ ்
೘்
ቁௗǡ and ݌ ൌ ቀ ்
೘்
ቁ௕. 
Table 5. Modified Johnson-Cook material flow stress model 
parameters [10]. 
Alloy A B n C m a b d r s 
IN-100 1350 1750 0.65 0.017 1.3 1.5 10 0.01 1.5 -0.4 
Table 6. Temperature-dependent properties. 
Property WC/Co TiAlN IN-100 
E [GPa] 5.6×105 6.0×105 72×T+217000 
α [1/qC] 4.7×10-6 9.4×10-6 1.1×10-5 
λ [W/m×qC] 55 8.1×10-3T+11.95 10.3×e0.008*T 
cp [N/mm2qC] 5×10-4 T+2.07 3×10-4 T+0.57 3.62×e0.0004*T 
3.2. Microstructure modeling using Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model 
The Johnson-Mehl-Avrami-Kolmogorov (JMAK) 
model has been used to predict the microstructure in the 
3-D FE simulations. The JMAK model, also known as 
Avrami model, defines the transformation kinetics in a 
material. The JMAK model does not provide a detailed 
microstructure evolution in terms of grain geometries; 
however it has been proven to be a very useful tool for 
modelling nucleation and grain growth phenomena. 
There is an implementation of this model in the 
commercial Finite Element Analysis software 
DEFORM-3D that includes grain growth, static, 
dynamic, and metadynamic recrystallization. The 
implemented model uses temperature, strain, strain rate, 
activation energies and initial grain size information to 
model the microstructure evolution. Isothermal JMAK 
equations describe the volume fraction of the 
transformed material as a function of temperature and 
time. Following the derivation in [12], the Arrhenius 
type equations are used to describe model variables with 
respect to temperature, strain and strain rate which are 
obtained from the FE solution at a given time step. 
Dynamic recrystallization occurs when a critical strain 
ߝ௖ ൌ ͲǤͺߝ௣  is exceeded, where the peak strain ߝ௣  is 
defined by, 
ߝ௣ ൌ ܽଵ݀଴௛భߝሶ௠భ݁ݔ݌ሺܳ௔௖௧݉ଵ ܴܶΤ ሻ ൅ ܿଵ                 (2) 
The volume fraction for dynamic recrystallization is 
defined with the Avrami equation as given by, 
ܺ஽ோ௫ ൌ ͳ െexp൤െߚௗ ቀఌି௔భబఌ೛ఌబǤఱ ቁ
௞೏൨  (3) 
where XDRx is the fraction of dynamically 
recrystallized material. The strain for 50% 
recrystallization is given by, 
ߝ଴Ǥହ ൌ ܽହ݀଴௛ఱߝ௡ఱߝሶ௠ఱሺܳ௔௖௧݉ହ ܴܶΤ ሻ ൅ ܿହ           (4) 
where R is the universal gas constant. The 
recrystallized grain size is calculated from, 
݀஽ோ௫ ൌ ଼ܽ݀଴௛ఴߝ௡ఴߝሶ௠ఴ݁ݔ݌ሺܳ௔௖௧଼݉ ܴܶΤ ሻ ൅ ଼ܿ        (5) 
The average grain size is then calculated from the 
mixture of recrystallized grains and unaffected grains as, 
݀௔௩௚ ൌ ݀଴ሺͳ െ ܺ஽ோ௫ሻ ൅ ݀஽ோ௫ܺ஽ோ௫                       (6) 
A representative set of JMAK model parameters for 
IN-100 have been identified after running a set of 
simulations. The model parameters are shown in Table 6 
and average grain size for γ- grains is used as d0= 3.5 Pm 
and the activation energy for IN-100 was taken as Qact 
=348000 [J/mol] as reported by Kikuchi et al. [8]. 
Table 6. The JMAK model parameters for IN-100 nickel-base alloy. 
Peak Strain 
a1 h1 m1 m1×Qact c1 a2 
0.293 0 0.0102 3549.6 0 0.8 
DRx Kinetics 
a5 h5 n5 m5 m5×Qact c5 ߚௗ kd a10 
0.145 0.32 0 0.03 10440 0 0.693 3 0 
DRx Grain Size 
a8 h8 n8 m8 m8×Qact c8 
8103 0 0 -0.16 -55680 0 
4. Residual stress predictions 
FE simulation predictions in machining IN-100 nickel 
based super alloy  indicated that circumferential residual 
stresses at the surface increased with increasing cutting 
speed, while the tool coating/edge radius change did not 
affect these values (Figs. 5, 6).  For both circumferential 
and radial directions, surface tensile residual stresses 
showed an increase with increasing cutting edge radius, 
and the coated tool showed a slightly less surface tensile 
residual stress than the 25 μm edge radius tool. The 
prediction accuracy of the simulations was good in both 
circumferential and radial directions, and in both low 
and high cutting speeds (vc = 12 & 24 m/min). 
Measurement and prediction uncertainty in residual 
stress findings are indicated with standard deviation bars 
in the same figures. 
 
Fig.5. Predicted and measured residual stresses at vc=12 m/min, f=0.05 
mm/rev, ap= 1 mm, a) Sharp (rβ=5μm), b) WC10 (rβ=10μm), c) WC24 
(rβ=25μm), d) TiAlN Coated (rβ=10μm) [11]. 
(a) (b)
(c) (d)
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Fig. 6. Predicted and measured residual stresses at vc=24 m/min, f=0.05 
mm/rev, ap= 1 mm, a) Sharp (rβ=5μm), b) WC10 (rβ=10μm), c) WC24 
(rβ=25μm), d) TiAlN Coated (rβ=10μm) [11]. 
5. Microstructural measurements and predictions 
5.1. Microstructural measurements 
      For microstructure analysis, IN-100 disk 
specimens were prepared with electro-polishing. 
Scanning electron microscopy (SEM) was used to obtain 
images of the machined specimens. Grain diameters and 
area fractions were determined from the SEM images via 
a proprietary image processing code written in 
MATLAB. Grains are first marked and their areas are 
measured. Fig. 7 shows a sample processed SEM image. 
Measured primary and secondary γ’ grain sizes and 
calculated volume fractions are given in Table 7. 
Tertiary γ' sizes (݀ଷ) and fractions ( ଷ݂) are assumed to 
stay constant across different machining operations, and 
are taken as ݀ଷ ൌ ͳͲPm and ଷ݂ ൌ ͲǤͲͶʹ [5].  
 
Fig. 7. Microstructure of machined IN-100 subsurface for grain size 
calculations (TiAlN coated WC/Co tool, vc=12 m/min, f=0.05 
mm/rev). Primary and secondary γ' grains are marked in red. 
Table 7. Measured grain sizes and calculated volume fractions on the 
specimens after machining. 
Tool 
vc 
[m/min] 
Primary γ’ Secondary γ’ 
d1 [Pm] f1 d2[Pm] f2 
Sharp 12 0.83 0.114 134.79 0.280 
Sharp 24 0.94 0.106 162.56 0.278 
TiAlN 12 0.88 0.145 154.33 0.241 
TiAlN 24 0.73 0.060 166.99 0.272 
WC10 12 0.92 0.111 139.72 0.265 
WC10 24 0.78 0.107 167.32 0.269 
WC25 12 0.97 0.092 141.17 0.281 
WC25 24 0.81 0.065 150.16 0.300 
5.2. Recrystallization and grain size predictions 
      3-D FE simulations for all cutting conditions in 
turning of IN-100 have been run in order to investigate 
the γ-matrix grains. The JMAK model has been used to 
predict the evolution of γ-grains during thermo-
mechanical processing. Dynamic recrystallization has 
been predicted and resultant field variables such as 
temperature (T), peak strain (ߝ௣), dynamic recrystallized 
volume fraction (ܺ஽ோ௫ ) and grain size ( ݀஽ோ௫ ), and 
average grain size including the recrystallized grains 
(݀௔௩௚) have been extracted. Volume weighted averages 
of these variables have been calculated in MATLAB and 
their histograms together with mean and standard 
deviations have been obtained. A summary of the FE 
simulation results is given in Table 8 for different 
cutting conditions and tools (coated and uncoated). 
Table 8. Finite element simulation results for γ-grain prediction 
Tool vc 
[m/min] 
f 
[mm/rev] 
T 
[°C] 
ࢿ࢖ ࢄࡰࡾ࢞ ࢊࡰࡾ࢞ 
[μm] 
ࢊࢇ࢜ࢍ  
[μm] 
Sharp 12 0.05 272.04 0.48 0.50 0.22 1.07 
Sharp 24 0.05 349.76 0.49 0.52 0.36 1.25 
TiAlN 12 0.05 260.58 0.48 0.52 0.22 1.11 
TiAlN 24 0.05 308.58 0.47 0.52 0.27 1.28 
WC10 12 0.05 266.11 0.49 0.50 0.19 1.16 
WC10 24 0.05 309.27 0.50 0.46 0.28 1.41 
WC25 12 0.05 255.81 0.49 0.49 0.21 1.20 
WC25 24 0.05 332.60 0.47 0.50 0.38 1.32 
 
      Predicted dynamic recrystallized grain size (݀஽ோ௫ ) 
and average grain size (݀௔௩௚) are shown in Fig. 8 for the 
coated and uncoated tools at same cutting condition. All 
predicted grain sizes along with measured (primary γ') 
grain sizes are also given in Fig. 9. It is important to note 
that although γ and γ' are comparable in size, a direct 
comparison should not be made between them. The 
average grain size becomes smaller in all machining 
conditions for IN-100 indicating that the recrystallized 
grains contribute to this smaller average grain size hence 
machining affected microstructure. It should be noted 
that grain growth is not being considered due to rapid 
cooling rates of the machined surfaces. 
 
 
 
Fig. 8. Predicted DRx and average grain size fields (a) TiAlN coated 
WC/Co tool, vc=12 m/min, f=0.05 mm/rev and (b) WC/Co tool WC25, 
rβ=25μm, vc=24 m/min, f=0.05 mm/rev.  
(a) (b)
(c) (d)
(a) 
(b) 
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Fig.9. Predicted (γ) and measured (primary γ') average grain size 
(mean and standard deviation) in machined IN-100 subsurface. 
5.3. Microhardness predictions 
Using the grain sizes and distributions obtained via 
SEM and FEM analysis, an expression can be 
constructed to estimate the microhardness on the 
machined surface. Milligan et al. [5] obtained a 
relationship between the yield strength and grain sizes 
and volume fractions of the different γ and γ’ phases for 
IN-100 via regression as given in Eq. (7), 
ߪ ൌ Ͷͻͷ ൅ ͸͹͸ͷට௙మௗమ ൅ ͷʹǤ͵ඥ݀ଷ ൅
ଵ଴ହ
ඥௗೌೡ೒           (7) 
where ߪ is the yield strength, ݀௔௩௚, ݀ଶ, ݀ଷ and ଶ݂ are 
the γ-matrix grain size, secondary γ’ grain size, tertiary 
γ’ grain size and secondary γ’ volume fraction, 
respectively. Following this approach, we assume a 
general model of the form: 
ܪܸ ൌ ܥ଴ ൅ ܥଵሾ݀ଵ௠ଵ ଵ݂௡ଵሿ ൅ ܥଶሾ݀ଶ௠ଶ ଶ݂௡ଶሿ ൅
ܥଷሾ݀ଷ௠ଷ ଷ݂௡ଷሿ ൅ ܥସൣ݀௔௩௚௠ସ ൧                     (8) 
where ܥ଴, ܥଵ, ܥଶ, ܥଷ, ܥସ, ݉ଵ, ݉ଶ, ݉ଷ, ݉ସ, ݊ଵ, ݊ଶ, ݊ଷ 
are model constants and exponents, and ݀ଵ, ଵ݂ and ଷ݂ are 
the primary γ’ grain size, primary γ’ volume fraction and 
tertiary γ’ volume fraction, respectively. Model 
parameters are obtained via nonlinear optimization using 
genetic algorithm from SEM measurements for γ’ grain 
sizes and volume fractions, γ grain sizes calculated from 
FE simulations along with the hardness measurements. 
The microhardness model is given in Eq. (9), 
ܪܸ ൌ ͳͺͷǤ͹ ൅ ͵ͻǤͶͷ݀ଵ଴Ǥହଵ ଵ݂ି ଴Ǥଷଵ ൅ ʹͶͻͲ݀ଶି ଵǤ଴଻ ଶ݂ି ଵǤ଴ଵ 
൅ͳͻǤͺͶ݀ଷି ଴Ǥସଵ ଷ݂ି ଴Ǥହଶ ൅ ͵ͺǤ͹Ͷ݀௔௩௚ି଴Ǥଷ଼                     (9) 
Finally, Fig. 10 shows the means and standard 
deviations of the measured and predicted microhardness 
values.  The model uses all of the microstructure 
information and shows a good fit to the measured data. 
 
 
Fig. 10. Measured and predicted microhardness in machined surface of 
the IN-100 nickel-base alloy. 
6. Conclusions 
In this paper, experimental and modelling results in 
surface integrity of machining IN-100 nickel-based alloy 
are presented. A comprehensive approach for predicting 
machining induced residual stresses, microstructure, 
dynamic recrystallization, grain size, surface 
microhardness using 3-D FE simulations has been 
proposed. Microstructure modeling and grain size 
predictions have been done by using the Johnson-Mehl-
Avrami-Kolmogorov model. A model for predicting 
microhardness based on measured and predicted grain 
sizes has been proposed. The study also presents the 
dominant effects of machining conditions (tool 
geometry, coating, and cutting parameters) on the 
residual stresses, microhardness and grain size in 
machining IN-100 nickel-base alloy.  
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